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Development of Dynamic Model of a 7DOF Hydraulically Actuated
Tele-Operated Robot for Decommissioning Applications

Allahyar Montazeri, Josef Ekotuyo

Abstract— In this paper the problem of system integration
and dynamic modeling of a hydraulically actuated manipulator
with seven degrees of freedom, i.e. HydroLek HLK-7W is
investigated. The arm is fitted on Multi-Arm mobile Robot
System for Nuclear Decommissioning (MARS-ND) applications
purposes. This is a step forward with respect to the previous
works where only kinematics of the robot was taking into
account. As the decommissioning robot has to perform precise
and complex tasks autonomously using effective model-based
nonlinear control algorithms having an accurate dynamic model
of the arm which is reliable enough to predict the behavior of
the manipulator under different operating conditions would be
crucial. To this end the symbolic, and numerical model of the
dynamic of robot is developed and a first attempt for model
validation and tuning the parameters of the model is taken
forward.

I. INTRODUCTION

Modifications to plant units in nuclear power station,
plant faults, and operation errors, have led to a number of
radioactivity catastrophes in the past years. Such as, the
Chernobyl nuclear plant in Ukraine, Flixborough United
Kingdom Explosion in 1974, and Fukushima Japan, in 2011,
which destroyed power utilities worth billions of dollars,
caused unnecessary deaths, and posed a lasting effect on the
immediate environment [1]. Another outstanding issue
affecting the nuclear power sector today is the problem of
decommissioning the stations to the point that no radioactive
treats is posed [2, 3]. For these facts therefore, a two arm
mobile manipulator delivery platform Multi-Arm Robot
System for Nuclear Decommissioning (MARS-ND) called
HYDROLEK HLK-7W, is developed at Lancaster
University in order to achieve decommissioning tasks,
repairs and maintenance of nuclear plants.

Hydrolek is a two arm hydraulically actuated manipulator
with 7DOF, six rotary joints and one gripper attached to a
platform Brokk40 as shown Fig. 1. The very first attempts in
using MARS-ND platform for decommissioning
applications are reported in [4] and [5] in which forward and
inverse kinematics were utilized in order to model the
motions of the robot. Subsequently linear PID and PIP
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control algorithms were designed, implemented, and tested
enabling the robot to be controlled and operated with some
degrees of autonomy [6]. To overcome the effects of slow
and imprecise control due to the nonlinearities of the
hydraulically-driven actuators another control approach for
the Hydrolek manipulator proposed in [8] relying on a non-
minimal state variable feedback techniques. More
investigation on suitability of state dependent parameter
(SDP) control approach was carried out in [9] by
demonstrating a better desirable joint motion using the SDP
control technique. However, in all of these results the model
adopted for controller design is obtained experimentally by
collecting input/output data for each joint. An experimental
model for the hydraulically actuated mobile dual-
manipulators based on state dependent system identification
technique is proposed in [10] and applied for control design

purpose in [11].

Although the above mentioned control techniques proved
to be useful for independent joint control and overcome mild
nonlinearities for a limited operating conditions of the
HYDROLEK arm, they cannot be yet applied to handle
control tasks in more realistic decommissioning missions.
More specifically, task patterns in nuclear reactor operational
environment requires reliable control algorithms which will
be able to provide an estimation that maintains predictive
power both in mild, high speed and difficult tasks carried out
by the manipulator. This necessitates development of more
sophisticated and high performance identification [7, 15, 16,
22, 23, 24] and model-based control algorithms working
based on a reliable dynamic model of the manipulator.
Therefore, developing a more general nonlinear dynamic
model of the bespoke robot which has the potential to be
utilized for design and development of such a model-based
nonlinear control strategies determines the major motivation
of this paper. This will result in a general nonlinear simulator
for the bespoke manipulator with the capability of tuning its
parameters to generate the outputs similar to the
experimental data gathered from the real manipulator under
different operating conditions. The developed model can be
also used for optimal excitation trajectory design and
identification of parameters of the manipulator as explained
in [12, 13, and 14]. This in turn facilitates determination of
parametric and non-parametric uncertainties of the dynamic
model of the robot shown in Fig. 1.

By integrating the dynamic model of different subsystems
of the Hydrolek arm shown in the schematic block diagram
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of Fig. 2, the aim of this paper is to develop a reliable
simulator by which the dynamic and kinematic
characteristics of the 7DOF hydraulically actuated tele-
operated robot platform shown in Fig. 1 can be derived. This
is especially essential for design and implementation of
different joint-level and supervisory control algorithms to
accomplish decommissioning tasks semi-autonomously and
by considering the remote operator in the loop. The approach
adopted here is to investigate the modelling of various
components of the manipulator using symbolic, numerical
and experimental techniques and then integrate them in a
unified Simulink model for the purpose of system
identification, parameter estimation, design of trajectories as
well as control objectives. This is usually referred to as
Robot Calibration in robotic terminologies [17].

One of the important features of the tele-operated robots
used for decommissioning applications is that they should be
rug enough to enter into the hostile and unstructured
environments and handle, crash, or cut heavy objects. This
necessitates the use of nonlinear hydraulic actuators in joint
constructions of such robotic platforms. Looking at the
literature [18, 19, 20, 21] reveals that due to difficulties in
modeling and control of hydraulically actuated manipulators
they are not investigated as often as motor-driven joints. Our
approach in modeling is to use the CAD model of the

&———>HYDROLEK arm along with the SimMechanic Toolbox for
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mechanical subsystem and then integrate this with the model
hydraulic actuator developed for each joint using SimScape
Toolbox. Later the parameters of the model such as joint
stiffness, and joint damping are tuned based on the measured
experimental results and defining a proper fitness function.

On these notes the paper is organized as follows. In
section II, symbolic modeling of Hydrolek is developed by
writing first principle mechanical, hydraulic and magnetism
law applied to each subsystem of the manipulator. A
numerical model is subsequently implemented in Section III
using both dedicated Simulink toolboxes and symbolic
dynamics equation defined earlier in the symbolic part. Since
it is important to verify the numerical model developed for
each subsystem validation is done in Section IV using the
experimental data. Finally, Section V concludes the paper.

II. SYMBOLIC MODELING

A more detailed block diagram of the system representing
the components of MARS—ND is shown in Fig. 3. By having
a high-level description of the system the block diagram can
be divided into three main parts: 1- Labview software on
remote operator’s computer, 2- Brokk base system powered
by an electrical power supply, 3- Two HydroLek arms with
the same configurations.

A. Actuating Subsystem

The components of the actuating subsystem are shown in
Fig. 4. This includes the valve system and double acting
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Figure 1. Multi-Arm Robot Platform: Brokk40 base machine (left) and two

HydroLek arms (right).
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Figure 2. Block diagram of the system adopted for dynamic modeling of the

manipulator.
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Figure 3. High level description of MARS-ND system.
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Figure 4. Detailed block of the joint actuating system i.e. hydraulic
actuating system.

cylinder. The valve system itself includes amplifier,
solenoid, and spool directional valve blocks as illustrated in
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Fig. 4. By writing the input-output relations for each block
the dynamic model of the actuating subsystem can be
derived.

B. Mechanical Subsystem

Mechanical subsystem involves actuator joints, links and
DOF joints blocks as shown in Fig. 3. The input of the whole
mechanical subsystem is the actuating torque applied to each
joint and its output is the angular position of each joint.
Actually the angular position of the first five joints are the
only variables that can be sensed on the real robot. To be
able to model this subsystem first of all derivation of
symbolic forward dynamics that relates the generated torque
as a result of motion of link is required. However, it is
possible to adopt some simplification assumptions and
consider the HydroLek arm as a serial link. For this purpose
the mechanical dynamic of hydraulic actuators is ignored in
front of dynamics of the links and their effect which is
generating torque at each joint will be only considered. All
links are considered infinitely rigid and all joints are
assumed to be backlash-free with no friction between them.
For the HydroLek arm under the study the position of the
origin of the frame of joint O; can be determined based on
the available dimensions of links given in CAD model listed
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The result is the expression of joints torques and forces in
the fixed base frame. As solving such a system of equations
is really difficult by hand Matlab symbolic Toolbox and
Mupad software has been used to set the robot configuration
parameters and then an automatic symbolic equation solver
of Mupad will derive the required forces and momentums.
The written code has about 800 lines and is designed to solve
for the forward dynamic of all kinds of serial robots with
prismatic and/or revolute joints. To derive the kinematic and
dynamic characteristics it is enough just to define a complete
robot configuration and then execute the Mupad notebook. A
graphical user interface GUI is designed (about 2000 code
lines) in order to have a more convenient way to describe
robot configuration, calculate the symbolic dynamics and
kinematics model and implement dynamics and kinematics
numerical model in Simulink. The flow diagram of different
components of the developed software for symbolic
modeling is depicted in Fig. 7.

C. Sensing Subsystem

Each of five first joints on each arm are fitted with rotary
potentiometer sensors to record the joints angular motion. A
common linear relation is assumed between joint angle input
and the output voltage signal of joint. Thus, the model of the
sensing subsystem for each joint i shown in Fig. 3 can be

represented by this linear equation
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in Table 1. Different traditional method such as
05;15p;[n homogeneous matrix approaches can be used to define the Angle Jjoing; (.S' ENS0TR gy Damf] = A;Sensotpgywpara, T Bi 05;15pitn
191 mm [rame orientation. However, a simple rotation matrix 191 mm

R,(6):_; of angle # and around the axis % can be used
between joint i and i-/ to define the orientation of a frame.
Given that all joints are revolute, each link / will rotate at a
specific angular velocity around the unitary axis of the frame
of that joint, i.e. (%; or ¥; or Z;). The torque and the force Fj,

where A; and B; are constant coefficients of the ith
potentiometer and should be tuned for each joint in a
calibration process.

vectors, i.e. F| I;. and ﬂ_{r:, applied at O; for each joint i is
expressed in terms of the fixed frame F\. Figure 5 shows the
schematic of link i and its corresponding parameters. For
each link except the last one, the force balance equations can i &
be written at point G; in terms of the base frame F) using I
recursive Newton Euler approach. As the last link is of rotary 40,

form a different setting is used for derivation of dynamics of
that joint. Writing the force and momentum balance
equations for all links leads to a total of 36 equations (6 per
each insulated link). Then, the system of equations should be
solved having torques and forces of joints unknown.

10

Figure 5. Insulation of links (not true for last link).
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Figure 7. Flow chart of GUI
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III. NUMERICAL MODELING

Referring to Fig. 2 we intend to find a numerical model of
the block diagram of the system shown in this figure. Despite
of actuating subsystem, mechanical subsystem, and sensing
subsystems the operator/CFP block will be also modeled
here to manage the flow of signals in a more realist way.
This block in the real system is implemented using
LabVIEW software and is modeled here numerically with a
block called LabVIEW adaptation module. It was developed
using basic Simulink blocks such as arithmetic and IF
conditional blocks. IF conditional block will activate the
desired output by analyzing the sign of Lab,, input to actuate
amps 4 or B.

A. Actuating Subsystem

The model of the actuating subsystem is developed by using
blocks from standard Simulink library and built-in hydraulic
and electrical components available in SimHydraulics and
SimElectronics toolboxes. Actuating subsystem consists of
two subsystems itself: 1- Valve subsystem, 2- Hydraulic
cylinders. Valve system is decomposed into proportional
amplifier, solenoid valve and directional valve. Numerical
model of all of these components implemented in Simulink
are shown Figs. 8, 9, and 10 respectively. Hydraulic cylinder
block contains numerical model of hydraulic joint actuator,
i.e. double acting cylinder or hydraulic rotary actuator model
(depending on the type of the joint). The real system
operates with double acting cylinder and hydraulic rotary
actuator for the last two joints. Built-in blocks available in
SimHydraulics library are used to model the two stated types
of hydraulic actuator. The inputs of hydraulic cylinder block
are two hydraulic ports 4 and B coming from output of the
valve system. Output is the mechanical port R or S
corresponding to the mechanical rod or actuator shaft of the
hydraulic cylinder. These are shown in Fig. 10. Hydraulic
power source block contains a hydraulic source output and a
tank input port for valve system. To develop a basic model
of the pump it is considered as an ideal pressure source
where pressure setting is specified with a constant Simulink
block named pressure pump. Custom hydraulic fluid block
specifies charactetistics of the fluid used in HydroLek
system.

B. Mechanical Subsystem

The model is built by using common Simulink blocks and
the blocks available in SimMechanics Toolbox. The blocks
used for modeling of the mechanical subsystem of the robot
can be categorized into the following sections: 1- simulation
configuration blocks, 2- the blocks used to define the joint
types, 3- the blocks used to determine the position and
orientation of the frames, 4- the blocks used to determine the
links, and 5- wutility blocks. The goal of simulation
configuration block is to arrange the base fixed frame,
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position of the gravity vector and configure the solver
parameters of the model. To determine the position and
orientation of the joints frames the rigid transformation block
is used here. There are different methods to define the
transformation matrix, however, here a Cartesian
transformation matrix is chosen to change the properties of
the output frame with respect to the base frame.
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Figure 10. Numerical model of the directional valve.

SimMechanics Toolbox contains a library of different
joint types. To configure revolute joints in this study, as
shown in Fig. 11, the base frame must be connected to the
port B of the block. The output frame at port F is a basis
named follower and can represent for example the rotation
around the z axis. In order to have a complete description of
the manipulator link, several other parameters need to be
specified. These parameters are set by a block in
SimMechanics toolbox called Solid. . As can be seen in Fig.
12 the geometrical properties of the links, i.e. the shape and
dimension of the links, are all saved in a shape file exported
from the Solidwork software in STL file. Other parameters
of the link can also be defined within this block. The
developed model takes into account both inertia parameters
of each link and energy dissipation at each revolute joint.
Inverse and forward dynamics derivation can be studied
easily by changing just a few model parameters, i.e. joint
actuation modes and signal converter parameters. A 3D
representation of the manipulator implemented numerically
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by Simulink blocks is shown in Fig. 13 with the help of the  validation of the Simulink model as the reference data and

Mechanical Explorer in Simulink. are compared with the numerical results achieved from the
[Propertes | developed Simulink model. As can be seen from Fig. 14, the
}nput signal is a multl'—level PRBS. voltage signal exciting
Speciy Position Target joint 2 of the robot, while the other inputs are set to be zero.
Specify Velocity Target . . .

e Studying the differences between the output of the numerical
s i model and the experimental results aid for better

_Damping Coeficien N'm/(deg/s) - understanding of discrepancies between the dynamics
Torque None - included in the Simulink model and the real robot. To this
Motion Automatically Computed - ‘E B ‘If F H‘ - -

 Sensing end, the parameters of each of mechanical and actuating
= o €7 subsystems shown in Fig. 2 are tuned separately. After
e iertion = several try and error and it turned out the following
Actuator Torque LA Joint 1

parameters are the most important ones affecting the
behavior of the output of the model substantially: joint
stiffness, and parameter of the double acting cylinder. The

Figure 11. Configuration block of the revolute joint (left) icon of
SimMechanics block (right).

Properties performance index used to compare the results is called
- — normalized root mean square error (NRMSE) and calculated
ape rom rile -
File Name E:\Google drive\Birse\Lancaster\Diss... as follows )
Units mm - e [|xref(:, i) — x(:, D)
= Fit(i} = 1— : ;
e Custom - l|xref(:, i) — mean(xref(:, 1))l
Mass 0.18356700000000... kg -
e S R After fine tune of the above mentioned parameters using
Products of Inertia|[-3.175760000000... kg"mm*2 ||| NRMSE the output shown in Fig. 15 is plotted against the
= ' measured experimental data. This validate the creditability of
Type From Geometry - || 9. 9
< > 5 Visual Properties |Simple . the developed model, however, it is expected more advanced < >
54 pt Figure 12. Configuration block of the Solid block (left), icon of the Solid ~ approach on optimization of the parameters of the model ~ 54
0.75in block (right). results in better outputs. 0.75in
19.1 mm — : Exporimentl input g 19.1 mm
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Figure 13. A 3D view of the developed dual-arm HydroLek manipulator o e 0 S, %0 s 0 Ton
shown in the Mechanical Explorer. » Experiment Reference Otpu Signal
14 I
IV. MODEL TUNING AND VALIDATION (\ f\
To validate the developed model in the previous sections and » i
evaluate whether it represents the real robot a series of input . \ ﬂ A r/ U n
and output experimental data are collected. Due to lack of £ /‘ H H / N { ‘\ / ( \ﬂ
space the results for joint two are only presented here. The £ ‘ l
input/output experimental data are gathered by doing f{ ﬁ \ w m f L\ / \
experiment on the Hydrolek manipulator shown in Fig. 1. I VoE v \
The input data is the voltage applied to the cFP subsystem in ,
Fig. 2 and the output data is the angle of rotation for joint i

two measured using potentiometers installed on each joint. 2t e

. . . T(s)
These 1nput/ output data, shown in Fig. 14, are used for Figure 14. Input excitation (up) and output measured data of the joint two.

54 pt
0.75in
19.1 mm



54 pt
0.75in
19.1 mm

Margin requirements for the other pages
Paper size this page US Letter

Best Tuned experimental output with reference

[ ED 00

Figure 15. Comparison of the model output and experimental for joint two.

V. CONCLUSION

In this paper a comprehensive model of the 7DOF
hydraulically actuated tele-operated robot called HydroLek
manipulator is developed and validated using symbolic and
numerical modeling techniques. To make sure the model
generated the results comparable to the real arm it is
validated by several experiments and then the parameters of
the model are tuned to reduce the error fitness function. The
model can be used to derive dynamic and kinematic
characteristics of the robot. These results will be used later
for optimal trajectory design, system identification, and
controller design in joint and Cartesian spaces. Since the
robot is going to be deployed for decommissioning tasks
precise manipulation and handling of the objects by
cooperation of the model-based intelligent control system
and the remote operator is of particular importance.
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